Introduction
Porous materials are widely used in chromatography, chemical reactions, heat transfer, and analytical chemistry ͑filtering analyte͒ due to their large surface area and small pore sizes. Based on the pressure driven and electrokinetic flow ͓1,2͔, porous materials in microfluidic devices also offer a number of advantages, such as multiwalled microchannel ͑microchannels with multiple open and porous regions͒ in microfluidic flow sensors ͓3,4͔, highperformance liquid chromatography ͑HPLC͒ ͓5͔, and microstructured enzyme reactors composed of many parallel rectangular channels ͓6͔. The modeling of electro-osmotic and pressure driven flows in porous microfluidic devices is also proposed ͓7͔.
In lubrication applications, porous media have been used on many kinds of bearings ͓8͔ for a long time. There are many models in deriving the lubrication theory of porous bearings: ͑1͒ the Darcy model ͓9,10͔, only viscous damping effects ͑Darcy resistance͒ are considered for thick porous film; ͑2͒ the Beavers and Joseph slip flow model ͓11͔, slip flow on the porous media/fluid film interface; ͑3͒ the Brinkman-extended Darcy model ͓12-14͔, the viscous shear effects and the viscous damping effects ͑Darcy resistance͒ are considered for thin porous film; and ͑4͒ the Brinkman-extended Darcy model with stress jump boundary conditions ͓15-17͔. The microstructure of lubricating surfaces can be modeled as thin porous layers attached to impermeable substrates ͓17-19͔. Due to the thin porous film, the velocity distribution inside it is no more uniform. Darcy's law, which is applicable to thick porous media, is modified by adding the Brinkman term to consider the viscous shear effects of thin porous films ͓13͔. Moreover, the stress jump boundary conditions on the porous media/ fluid film interface are also considered to account for the excess viscous stress with stress jump parameters ranging from Ϫ1 to 1.47 ͓16͔. However, the electrokinetic effects are not considered for the porous lubrication modeling.
Electrokinetic phenomena occur when a charged surface is brought into contact with an ionic liquid. The counterions in the liquid are attracted by the charged wall firmly ͑Stern layer͒. A diffuse electric double layer ͑EDL͒ forms away from the wall as the concentration of counterions decreases away from the wall. Near the Debye screen length, the counterions screen the charged solid surface. When the distance is beyond the Debye screen length, the net charge is essentially zero. The effect of EDL as well as Helmholtz-Smoluchowski's equation is introduced to derive the modified Reynolds equation in thin film lubrication theory ͓20-23͔. A potential field ͑streaming potential͒ is then generated as the counterions move downstream because of the pressure gradient. Therefore, the existence of electrokinetic force opposing the primary fluid flow increases the flow resistance, and thus the electroviscous effect greatens. The electroviscosity caused by the existence of EDL on the liquid/solid interface changes the rheology of the thin lubricating film. The EDL retards liquid flow in the microchannel and results in streaming potential. The concept of apparent viscosity, which is defined as the combination of the electroviscosity and the viscosity of bulk fluid regarded as an equivalent ͑or apparent͒ viscosity, is proposed and measured experimentally in microchannels or capillaries ͓1,2͔. The electroviscosity depends on the Debye length, the material of lubricating surfaces, the ionic concentration, the dielectric constant, and the conductivity of liquid. The primary nature of surface phenomena in EDL makes it important as the size of channel or lubrication P  R  O  O  F  C  O  P  Y  [  T  R  I  B  -0  8  -1  1  5  5  ]  0  1  7  9  0  3  J  T  Q film thickness is similar to the Debye length. A detailed review and description of EDL effects in microfluidics have been conducted by Li ͓24͔.
The EDL effect widely exists in water lubrication problems. Due to the requirements of environmental friendliness, i.e., cleanliness, economy, nontoxicity, and abundant availability ͓23͔, water lubrication receives more attention. Ceramic materials are used to replace the traditional iron to avoid oxidization in water for many novel mechanical seals and rolling element bearings. The coefficients of friction of different combinations of mating ceramic materials ͓23,25-27͔, such as silicon nitride/silicon carbide, silicon nitride/silicon nitride, silicon carbide/silicon carbide, and so on, decrease to about 0.002 as those in the regime of hydrodynamic lubrication after a certain running-in period. The EDL on the ceramic surface contributes more on the apparent viscosity of the lubricating film. Moreover, high levels of open, interconnected porosity can be maintained by the expense of closed and isolated porosity, while ensuring a relatively high strength structure ͓28,29͔. Ceramic porous bearings are now applicable to water lubrication. Therefore, the study of EDL effects on porous bearings is important to predict the performance of porous ceramic bearings for water lubrication.
In the present lubrication problem, the microstructure of the bearing surfaces can be modeled as thin porous layers press fitted to impermeable solid substrates, and the EDL effects should be considered to include the effects of electrokinetics ͓23͔. Following the modeling procedure in Ref. ͓30͔ ͑which is for couple stress lubricant͒, the Stokes and Brinkman-extended equations are modified with electrical body force to model the flow in the fluid film region and the porous media region, respectively. The concept of apparent viscosity is also proposed to include the combined effects of the electroviscosity, the viscosity of bulk fluid, and the flow resistance in porous media. The lubrication performance of a 1D slider bearing is also discussed for various combinations of porous and electrokinetic parameters.
Derivation
When considering EDL effects for the lubrication problems, the microstructure of the lubricating surfaces is modeled as a thin isotropic porous film press fitted in the impermeable substrate. The two surfaces slide at dimensionless velocities ͑u 1 , v 1 ͒ and ͑u 2 , v 2 ͒, and the film has an arbitrary two-dimensional shape, h = h͑x , y , t͒. The variation in the pressure distribution ͑p͒ across the porous film is negligible as the porous film thickness is smaller than the thickness of the lubrication film. However, the velocity distribution across the porous film cannot be modeled as uniform ͑like Darcy law͒ when the porous film is thin and the effects of existed viscous and EDL effects become significant. In the following derivation, the properties of fluid in the two porous films are assumed to have constant permeabilities ͑k 1 and k 2 ͒, constant solution charge densities ͑ e1 and e2 ͒, and constant effective viscosities of fluid in the permeable matrix ͑ 1 and 2 ͒. In the pure flow region, there exists a constant inverse Debye length and a constant viscosity . Under the usual assumptions of lubrication theory ͑negligible inertia effects, small film thickness, and nonvariational pressure across the film thickness͒, the flow in the three regions is modeled by the Stokes equation with electrical body force in the pure flow region and the extended Brinkman equation with electrical body force in the porous regions. In addition, the stress jump boundary condition, which is suggested by OchoaTapia and Whitaker ͓15,16͔ by the sophisticated volume averaging technique, is applied on the porous media/fluid film interface.
The Navier-Stokes equations, which describe the conservation of momentum, are expressed as ͑Dv / Dt͒ =−ٌp + ٌ · ⌻ + f, where −ٌp + ٌ · T is the gradient of surface forces. The Stokes equation, The modeling of flow in the three regions is shown in Fig. 1 , respectively.
where ͑ũ , ṽ͒ is the flow velocity in the porous film ͑regions 1 and 2͒, ͑u , v͒ is the flow velocity in the pure fluid region ͑region 3͒, ‫ץ͑‬ / ‫ץ‬x , ‫ץ‬ / ‫ץ‬y͒ is the applied electric field, and is the wall charge density ͑which is assumed to be zero in the present analysis͒. For simplification, a uniform charge density is assumed on the porous film and the liquid is taken to be a symmetric 1:1 electrolyte, e.g., Na Following the definition of the dimensionless parameters,
, and = h 0 , the boundary conditions can be expressed as
and the matching conditions on the porous media/fluid film interface can be expressed as
where U p1 and U p2 are the flow velocities and ␤ i is the stress jump parameter on the porous media/fluid film interface. From Eqs. ͑9͒ and ͑10͒, the shear stress at the porous side is equal to the sum of the shear stress at the fluid film side and the stress jump
From Ochoa-Tapia and Whitaker ͓15,16͔, the stress jump parameter ranges from Ϫ1 to 1.47. Furthermore, the streaming potential gradients, E x and E y , and the pressure gradients are related by Helmholtz-Smoluchowski's equations ͓20,21͔.
where a is the dimensionless apparent viscosity, which will be derived later. The dimensionless reference electroviscosity at h 0 is defined as
͑12͒
The dimensionless electroviscosity at h is defined as
where is the conductance of the solution ͑⍀ −1 m −1 ͒. The velocity distributions can be obtained by solving Eqs. ͑1͒-͑3͒ with the boundary conditions ͑Eqs. ͑6͒-͑8͒͒, matching conditions ͑Eqs. ͑9͒ and ͑10͒͒, and Helmholtz-Smoluchowski's equations ͑Eq. ͑11͒͒. They are detailed in the Appendix.
The flow balance in a differential volume element extends across the film
where
Thus, the modified Reynolds equation is then obtained
where 
which is the same as that proposed by Li ͓17͔.
We can also reduce the present equation to that proposed by Tichy ͓32͔ with
Moreover, the present modified Reynolds equation can be reduced to that proposed by Lin and Hwang ͓14͔ with → ϱ, → 0, ⌬ 1 = ⌬, ⌬ 2 =0, U 2 = U, U 1 =0, V 1 = V 2 = 0, and ␤ 1 = ␤ 2 =0.
Bearing Performance
For the static 1D problem, Eq. ͑16͒ can be simplified as
The dimensionless film thickness is defined as H =1+m͑1−X͒. The inlet film thickness is h 0 and m is the slope of the wedge ͑m =1/ 2 is assumed in the present analysis͒. A simple finite difference code modified from previous results ͓17͔ is utilized in solving Eq. ͑23͒. 501 grid points and ͉͑P i n+1 − P i n ͒ / P i n ͉ Ͻ 10 −5 at all nodes are used in the present analysis and convergence requirement.
The dimensionless load capacity can be obtained by integrating the dimensionless pressure distribution over the bearing surface, i.e.,
Results and Discussion
The present model contains seven material properties: ͑1͒ permeability ͑K i ͒, ͑2͒ viscosity ratio ͑␣ i 2 =1/ i ͒, ͑3͒ stress jump parameter ͑␤ i ͒, ͑4͒ solution charge density ͑ ei ͒, ͑5͒ Debye length ͑ −1 ͒, ͑6͒ electroviscosity ͑ e Ј͒, and ͑7͒ porous film thickness ͑⌬ i ͒.
For simplicity, the assumptions of constant material properties and the same material properties of the two surfaces ͑K 1 = K 2 = K i , ␣ 1 = ␣ 2 = ␣, ␤ 1 = ␤ 2 = ␤, e1 = e2 = e , and ⌬ 1 = ⌬ 2 = ⌬͒ are made. The effects of these seven parameters on the apparent viscosity ͑ a / ͒, interfacial velocities ͑U pi ͒, velocity distributions ͑U͒, and performances of 1D wedge problems are discussed.
Apparent Viscosity.
The dependence of the apparent viscosity, a = a / , on the permeability ͑K͒, viscosity ratio ͑␣ 2 ͒, stress jump parameter ͑␤͒, solution charge density ͑ e ͒, inverse Debye length ͑ ͒, sliding velocity ͑U 1 ͒, and porous film thickness ͑⌬ 2 ͒ is plotted as functions of dimensionless electroviscosity, as shown in Fig. 2͑a͒ . The dependence is computed by Eq. ͑20͒. Eight cases with ⌬ 1 = 0.1, U 2 = 0, and dP / dX = −10 are listed in Table 1 . Case A ͑with K = 0.01, ␣ =1, ␤ =0, e = 10, = 10, U 1 =0, and ⌬ 2 = 0.2͒ is defined as the basic case. All the other cases are compared with case A for discussion. In case B, a decrease in permeability makes the resistance to flow in porous media increase; thus the apparent viscosity increases. In case C, an increase in viscosity ratio means that the flow resistance inside the porous media increases; thus the apparent viscosity increases. In case D, an increase in stress jump ͑␤ Ͼ 0͒ makes the flow near the interface increase; thus the apparent viscosity decreases. In case E, an increase in charge density enhances the flow; thus the apparent viscosity decreases slightly. In case F, a decrease in dimensionless Debye length dilutes the effects of EDL; thus the apparent viscosity decreases. In case G, the change in sliding velocity, U 1 , does not affect the apparent viscosity. In case H, a decrease in porous film thickness restricts the flow less as compared with thick porous film; thus apparent viscosity decreases. We conclude that the apparent viscosity increases as permeability decreases, stress jump parameter decreases, viscosity ratio increases, solution charge density decreases, Debye length increases, electroviscosity increases, or porous film thickness increases. With the apparent viscosity proposed in the modified Reynolds equation, we can discuss the dependence of static performance of bearings on the parameters directly analogous to the dependence of apparent viscosity on the parameters.
Interfacial Velocities.
The dependence of the interfacial velocities, U p1 and U p2 , on permeability ͑K͒, viscosity ratio ͑␣ 2 ͒, stress jump parameter ͑␤͒, solution charge density ͑ e ͒, inverse Debye length ͑ ͒, and the sliding velocity ͑U 1 ͒ is plotted as functions of the reference electroviscosity, as shown in Figs. 2͑b͒ and 2͑c͒, respectively, for ⌬ 1 = 0.1, ⌬ 2 = 0.2, U 2 =0, dP / dX = −10, and = 10. Eight cases are listed in Table 1 . Case A is defined as the basic case. All the other cases are compared with case A for discussion. In case B, a decrease in permeability results in more resistance to flow in porous media; thus it results in a decrease in the interfacial velocity. In case C, an increase in viscosity ratio will increase the resistance to flow in porous media; thus it results in a decrease in interfacial velocities. In case D, an increase in stress jump parameter results in an excess flow; thus it results in an increase in interfacial velocities. In case E, an increase in charge density results in a slight decrease in the interfacial velocities, U p1 , and a slight increase in U p2 . In case F, a decrease in Debye length results in a slight decrease in interfacial velocities. In case G, an increase in sliding velocity at lower boundary, U 1 , Figs. 3"a…-3 "d…, K 1 = K 2 = K, ␣ 1 = ␣ 2 = ␣, ␤ 1 = ␤ 2 = ␤, e1 = e2 = e , = 10, e Ј= 0.1, ⌬ 1 = 0.1, ⌬ 2 = 0.2, U 1 = 0.1, U 2 = 0, and dP / dX =−1.0 increases the interfacial velocity at the lower part ͑U p1 , Z = ⌬ 1 ͒ more significantly than that at the upper part ͑U p2 , Z = H − ⌬ 2 ͒. As the reference electroviscosity increases, the interfacial velocities increase slightly except for U p2 in case E.
Velocity Distributions.
To discuss the effects of the six material parameters ͑permeability ͑K͒, viscosity ratio ͑␣ 2 ͒, stress jump parameter ͑␤͒, solution charge density ͑ e ͒, inverse Debye length ͑ ͒, and the electroviscosity ͑ e Ј͒͒ on the velocity distribution, seven cases are discussed as listed in Table 2 and plotted as shown in Figs. 3͑a͒-3͑c͒. The variations in velocity distribution in porous film and pure flow film are plotted. As shown in Fig.  3͑a͒ , the velocity distributions of each component are plotted. The velocity distribution can be decomposed into Couette flow and Poiseuille flow ͑U = U C + U P ͒. Moreover, the Poiseuille flow can be decomposed into pure Poiseuille flow and Poiseuille flow due to EDL ͑U P = U Pp + U Pe ͒. As discussed in Sec. 4.1, the velocity distribution affects the apparent viscosity as the parameters vary. As shown in Fig. 3͑b͒ , the variations in the six parameters are compared with the basic case A. We could obtain larger velocity distribution as permeability ͑K͒ increases, viscosity ratio ͑␣ 2 ͒ decreases, stress jump parameter ͑␤͒ increases, solution charge density ͑ e ͒ increases, inverse Debye length ͑ ͒ increases, or electroviscosity decreases. The zoom-in plots for flow in the porous media in the lower and upper parts are plotted, as shown in Figs. 3͑c͒ and 3͑d͒, respectively. The increase in viscosity ratio or decrease in porosity resists the flow in porous film significantly. The increase in stress jump parameter at the interface enhances the flow inside the porous media. However, the effects of solution charge density, Debye length, and electroviscosity on the velocity in porous media are not significant.
Load Capacities.
The dimensionless load capacities can be obtained from Eq. ͑23͒ by solving the governing equation ͑Eq. ͑22͒͒ numerically. Six cases are discussed and listed in Table 3 . In  Fig. 4 , the load capacities are plotted as functions of electroviscosity ratio for various material parameters. Similar to the apparent viscosity, the load capacity increases as porosity decreases, viscosity ratio increases, stress jump parameter decreases, solution charge density increases, or Debye length increases. As shown in Fig. 5 , the load capacities are plotted as functions of the slope constant ͑m = ͑h 1 − h 0 ͒ / h 0 ͒ for various material parameters. There exists an optimal value of slope constant ͑m͒ corresponding to the largest load capacity ͓33͔.
Conclusion
In this paper, the effect of electrokinetics in porous media is considered when modeling the flow in the microstructure on lubricating surfaces. The stress jump model is also utilized in the matching condition on the interface. The concept of apparent viscosity is proposed to include the effects of material properties and flow in porous media. We can conclude that the apparent viscosity increases as permeability decreases, stress jump parameter decreases, viscosity ratio increases, solution charge density de- Figs. 4 and 5, ⌬ 1 = 0.1, ⌬ 2 = 0.2, U 1 = 0.1, U 2 =0, = 10 creases, or electroviscosity increases. There exists an optimal value of slope constant ͑m͒ corresponding to the largest load capacity. 
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